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Introduction.
This thesis was intended as a description of a method of
compelling the division of load between synchronous machines,
rather than a complete discussion of the phenom.ena of parallel op-
eration of such m.achines. In as far as the author knows this
method is new. The statements herein have all been carefully
varified by experiment.
The author desires , first of all, to aoknov/ledge his deep
indebtedness to Professor Morgan Brooks,with whom he lias been
associated in all his work on synchronizing and parallel opera-
tion. Afterwards , he wishes to acknowledge his indebtedness to
luT. J. M. Bryant and to Lir. F. G. Willson who have so materially
assisted him, both with valuable suggestions and in the experi-
ments that v/ere performed. He wishes also to acknowledge in-
debtedness to the other members of the Electrical lingineering
faculty and to the seniors in Electrical Engineering,who have ma-
terially assisted him in his work.
#
In connection with Professor Morgan Brooks, patent appli-
cations on this method have been made in the United States and in
foreign countries.

Aooording to Dr. Steinmetz the principal candltiorjs of
' satisfactory parallel operation of eynohronous mL.chineB are;
first; equality of frequency; second, constancy of frequency; and
third, equality of voltage. There are mrtny other conditions
that effect the operation of synchronous machines in parallel
j
"but of less importance, I
Equality of Frequency.
Equalitjr of frequency is taken to mean that the ms-chines
must operate together at the same frequency v/ithout excessive
ll
strains, either m.echanical or electrics.l,upon them. Unless this
condition exists, the machines can never he made to operate sat-
isfactorily together. The condition of in-equality of frequency
is that which occurs when two machines are belted to the same
line shaft with pulley ratios such that tlie frequencies can never
be the same. If two such machines are connected in parallel
a current will flow between them. This current is a load cur-
rent, and will load the machine of higher frequency to such a
point as to supply sufficient power to cause the belts to slip;
or the motor action on the machine of lower frequency will become
so great that it will not hold in step,but will periodically fall
in and out of step as the vectors come together and again separ-
ate, Jjiy such operation is, evidently, out of the question.
Under the head of equality of frequency, rigid mecLahical
connection should be considered. Dr. Steinmetz says that this
cannot be regarded as parallel operation and is not to be desired.
This is true because any difference of position of the armatures
on the shaft, or inequality of voltage cannot be taken care of
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without a heavy circulating current .since there can he no change
in the phase relation of the vectors. Later a method will he
Bhown hy the aid of which such operation may he made not only
satisfactory, hut in many oases desirahle.
Constancy of Freguenoy.
Constancy of frequency Is taken to mean that the frequen-
cy should he fixed, that is, that it should not vary. The ordin-
ary variation of frequency due to regulation of the prime mover
need not cause any difficulty. A condi t ion, however , that may
cause great trouhle is hest illustrated hy an example. Consider
two simple reciprocating engines each directly connected to a
synchronous machine and the machines connected in parallel.
Assume first that the machines are synchronised at such a position
that the cranks of the engines are at ninety degrees. Since
the lead which each nachine takes is at sny instant in proportion
to the torque, each machine, as the crank of its engine comes into
the position of maximium torque,will take m.ore than its share of
the load. The result is that each miachine will retain a defin-
ite portion of the load and the rest will change from one machine
to the other, depending upon the instantaneous torque of each
machine. The two machines will, consequently, not carry a load
equal to the sum of the full loads of the two m^ichines without
each heing,part of the time , overloaded. This condition of
hunting may he cumulative and result in causing the machines to
fall out of step. There is no such effect with machines that
are steam or wat^r turhine driven. Assume now, that the machines
instead of heing synchronized when the cranks were at ninety

4def^rees .were synchronized v/hen they were together. Under these
conditions the engines will, if the machines liave equal number of
poles, remain together, and both will come into the positions of
maximum and minimum torque at the same time, and hence will per-
I'
lodically speed up and slew down. Such a variation of frequen-
cy would cause no serious trouble provided only lights and in-
duction motors were to be operated on the system. There would, 'I
however, be trouble if synchronous motors and particularly sjmch-
ronous converters were to be operated from them.
|
I
Equality of Yoltage.
Equality of voltage is an essential element provided syn-
chronous machines are to be operated together Vi^ithout any cir-
culating current. If machines are in parallel and the excita-
tion cannot be adjusted so that they will have the same voltage
a circulating current will flow. This current is nearly wattless,j
and is leading with respect to the machine of lower excitation
and lagging with respect to the other. The result is that It
tendsto increase the excitation of the less excited one and to
decrease that of the other, and the circulating current that will
flow under any conditions of excitation will be such as to cause
the machines to operate at the same terminal voltage. Hence
j
for machines that are to be operate in parallel a certain amount
of armature inductance is necessary, since otherwise, even with a
i
moderate difference in excitation, the circulating current that
would flow would be excessive ,and furthermore since the synchro-
nizing power depends upon the arm.ature inductance , it is necessary
I
that there should be some inductance in order to keep the machines

6.
from falling out of step. Thus in designing synohronous machines
it has been necessary to sacrifice regulation in order that the
machines will operate successfully in parallel. The load "bal-
ancing method, as will he explained later, employs a synchronizing
coil that will hold the machines in step independent of the
armature inductance .and since the transformer controls the cir-
j|
culating current, it follows that Virith this method it is possible
to operate machines in parallel that have as little inductance,
ajid hence as good regulation ,as it is possible to build.
ii
Inequality of voltage and consequently a circulating ll
current may occur at one condition of load even if the machines
were operating together at some other load without a circulating
current, due to a difference in characteristics of the machines.
Consequently an operator can hardly ever be sure that his machines
are operating under the best possible conditions. This is even
more true since the circulating current, even if large, being at
right angles to the load current ,makes but small indication on "
the ammeter. The operator can only manipulate the field rheo-
stat till the current output for the load is a minimum, and since
the current vector that he is changing makes but small indication
on the ammeter, the position of most satisfactory operation is im-
possible to determine with even reasonable degree of accuracy. I
There are many other things that materially effect the
operation of synchronous machines in parallel. Of these wave
form is of considerable importance. Yfhen machines of differ-
ent wave forms are operated in parallel there will practically
always be a circulating current betv/een them. Recently one of

6the lar'-j-est power stations in the oountry experienoed a great
sunount of troutle due to this cause. The machines in the plant
were star connected, three phase, with a grounded neutral; a nev/
machine from the same manufacturers was placed in parallel with
them and without any load on the machine, the current transformer
in the neutral burned out, A frequency meter in the neutral
showed that the current there was three times the frequency of
the system. An analysis of the wave forms of the machines at
once disclosed the cause of the trouble. The v/ave form of the
older machines was that of a sine wave with a triple harmonic,
and that of the new machine was the same sine wave and the same
harmonic, but with the harmonic reversed. Thus the equations
of the two pressure waves were;-
A C cos € + K cos 3€
B « C cos € - K cos 3€
The result of connecting machines of such wave forms in parallel
is that the machines are held closely in phase with respect to
the fundamental, and the harmonic may be at a much greater phase
relation to each other, and hence cause a circulating current.
|
In the special case mentioned above the machines were held with
respect to the fundamental and the harmonic was thus in opposi-
tion. The double voltage of the harmonic v/as thus short-cir-
cuited thru the resistance of the neutral and the sum of the im-
pedances, from terminal to the neutral, of the machines. This
|
caused such a large circulating current that the neutral had to
be opened and finally the machine was re-wound.
The cuesfion of engine government is also of considerable
I!
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importanoe. Thus, if tw maohines are operating together and
one of the engines governs more closely than the other, the
machine with the better governed engine v/ill take more than its
share of the load at full load and less than its share at light
load. Consequently .altho the maohines may divide the lead
equally at one condition of load, they may not,without attention,
divide the load equally at some otter condition. If there is
a very great difference between the engine government, a short-
circuit or sudden increase in the load may cause the the closer
governed machine to fall out of step, or if there is any differ-
ence at al]. ,it is liable to start the machines to hunting, since
the increase in load will all tend to fall on the machine with
the closer governed engine. There are several other things
which effect the operation of synchronous machines in parallel
but these are in general of only small consequence.
The Load-Balanc ing IJethod.
A method will now be shown by the aid of which the oper-
ation of synchronous machines in parallel is made much sim|)ler,
and by which,any number of machines miay be made to automatically
divide the load among them, in any predetermined ratio. This
device consists of a simple auto-transformer connected between
the open terminals of two synchronous machines , the other two
terminals being connected together in the usual manner thus
making one line terminal. The other line terminal is connec-
ted to some point on the transformer winding, such that the ratio
of the turns on the two sides is the inverse ratio of the capaci-
ties of the machines with which it is to be used. Figure (1)

8represents the method, the machines being shovm "by vectors. (In
this thesis all figures and discussions will be as applied to
single phase; the method for any number of phases is a simple ex-
tension of that shown.) )
(A) is one machine (B) the
other operating in parallel with it.
Load (T) is the auto-transformer. The
line terminal is shown connected to
the middle point of the transformer;
the point for equal lead division
by the two machines. Since the
currents from the two machines flow
PlQUMB I. in opposite directions thru the
transformer to the line, the ampere turns on the two sides of the
transformer are in opposition to each other. If now, the line
connection to the transformer be placed, so that the ratio of the
turns on the two sides, is the inverse ratio of the capacties of
the two machines,when the machines are each furnishing a portion
of the load in proportion to their capacties, the transformer will
be non-inductive as to these load currents. For any circulating
current the transformer is however very induct ive , the currents
being opposed by the full inductance o^ the transformer winding.
This is then the fundamental principle of the load division
method; a transformer so placed that the useful load currents
meet no inpedance in opposition to their flow thru it, and yet so
that any circulating current is opposed by the full inductance
of the trans former; also a synchronizing coil that pulls the
machines together when out of pliase and holds them^together when

9in phase.
The effect of the load halancing method will now be oon-
aldered frojii the stand point of eacli of the principle conditions
of satisfactory parallel operation that have already heen dis-
cussed.
Equality of Frequency.
As already explained inequality of frequency is an in-
operative condition. The use .however , of the load-balancing
method would prevent any injury to the machines if they should
fall out of step.
As applied to machines that are rigidly connected the
transformer is of great service. So much so that this method
of operating machines may be made, not only staisfactory,but in
many cases desirable. The difficulty in operating such machines
is, as previously stated, due to the fact that any difference in
the characteristics of the armatures, or in excitation, cannot be
taken care of by phase adjustment , and consequently a large cross-
current results. Figure {£) represents the condition that
exists if the armatures of two machines that are operated mechan-
ically connected, are not in their proper phase relation, and the
machines unequally excited. The difference in phase position
of the vectors represents the dif-
ference in phase position of the ar-
matures on the shaft, and the differ-
ence in length represents the con-
dition of unequal voltage. If
these two machines were connected
Figure 2.
J
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in the usual manner, the oroaa-ourrent thi-t would flow would make
it impossible to operate then: together. If , however , the load-
balancing transformer were connected betv/een the terminals, as
shown in the figure, and the middle point of the transformer taken
as one terminal of the line, the circulating current would be op-
posed by the full inpedance of the transformer. On the other
hand, the load currents of the machines would oppose each other
and thus make the transformer non-inductive as to them. The
voltage of the system would be the mean voltage of the two ira-
chines. The synchronizing coil is not necessary since the
machines are held mechanically together.
Constancy of Frequency.
The best illustration of a condition of frequency not
constant, is that knov/n as hunting. Consider figure (3). When
the condition of hunting exists the vectors representing the
pressures of the machines cannot be
placed in a fixed relation to each
Load other, since they are constantly
changing in phase relation. That
is, figure (3) represents an instan-
taneous condition only. First the
vector (A) then (B) will be ahead
Figure 5, in phase. The load that each
machine has is, at any instant , dependent upon its phase relation
with resx")ect to the other machine. Thus as each machine in
turn moves ahear in phase, it takes more and more of the load till
it is finally pulled back by the excess load, and if the condition
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ii is that of hunting, it /rill continue to fall behind till the other
machine is ahead in phase and has the greater portion of the load.
The load tliat a machine tends to take, when operating in parallel,
l3 independent of its voltage but depends directly on its phase
relation. The voltage at the terminals is a measure of the
capacity that the machine has to take load. If the load-divis-
I ion method is used where such a condition of hunting exists it
I
acts to eliminate it. The action of the method is as follows-}—
I
If a machine moves ahead in phase and thus tends to take more
' than its share of the load, the balance of the currents in the
transformer is disturbed and the voltage of the machine is re-
duced. That is, as it tends to take more than its share of the
load its capacity to take load is reduced and consequently it at
once falls back in phase. In an experiment two synchronous
converters , that operate together satisfactorily as alternating
current generators, were paralleled as converters on the same di-
rect current load. The load division transformers were put in
the circuit and short-circuited, so that the machines were togeth-
er in the usual manner. When they were paralleled under these
conditions they would not hold in step long enough for the oper-
ator to open the short-circuiting switches. Several attempts
were made but each time the machines fell out of step before the
s^/Yltches could be opened. Assistance was obtained, and the
short-circuiting sv/itches opened before the machines fell out of
step. 'Then this was done the machines continued to operate
in parallel and to divide the load between them. The experi-
ment was several times repeated and each time with the same re-
sult. This exj^reme case,tho not usual, shows well what the

12
method will do in oaaea of hunting.
Equality of Voltage
.
The Qffeot of unequal excitation on the raacliines is the
sajne when they are operating independently in parallel as when
they are rigidly oonnected. That is, the volta|;e of the system '
will be the mean volta^je of tiie maciiines ,and no oross-currents
will flow. As previously stated,under normal conditions , the
||
cross-current necessary to reduce the machines to the same vol-
tage is limited by the armature react ions, and the greater the
armature reactions the smaller will this oross-ourrent he for a
given difference in excitation. Since, with the load-halancing
method in use, the cross-currents are limited hy the transformer;
it follows, that machines may, by its aid, be operated together that
have such little armature inductance that they v/ould not operate
together v/ith the usual method. It also follows that machines
with much better regulation may be operated together, since the II
transformer effects the regulation only by its very small ohinic
resistance
.
The difficulty that the operator meets when he desires
to change the pressure of the system, is also removed by the method.,
Heretofore when he has had to change the voltage of the system,
it was necessary to change first one machine a small part of the
desired increase and then the other, in order to avoid having a
circulating current. "lith this method he can at once raise
the first machine to the desired voltage, and then eacn in turn,
without at any time having any considerable circulating current.
This same effect may also be utilized if it happens' that it is
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impossible to exoite all tlie ma.chines to some particulurl/ de-
sired voltage, and some machines may have more margin in their
rheostats and may be raised to a higher voltage than that desired,
sinoe the maximum voltage that oan he ohtaincd from each machine
may "be utilized, and without any serious circulating current.
The transformer is also very desirable where machines of
different wave forms are to be operated in parallel. This
applies to transformers as well as to generators. For example,
in the particular case mentioned at the beginning of this thesis,
had the load-balancing method been used, its impedance to the
harmonic would have been three times the impedance of the winding
because of the triple fre'^uency,and At the same time it would
have offered no impedance to the desirable load current. There
are several ways in which it might have been installed. It
might have been used in the manner shown in the figures in this
thesis, or if it was desirable to keep at ground potential, it
could have been used between the machines and the neutral, or
even one transformer might have been placed in the neutral, and
the ground connection taken off at the center. In this last
position it would offer its impedance to the harmonic but would
not oppose the necessary ground currents. In this position it
would not have the other advantages mentioned.
It may also be used to good advantage where machines are
driven by engines that have differences in government. The
result of an experiment shows this very well. Two machines
were put in parallel thru the load-balancing transformer. The
machines were each made to take half of its fall. load. The
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field rheostat, of one of the driving motors, was then ohanged till
the generator helted to the motor took the whole of tlio load.
The field of the motor v/as then strengthened till the load all
fell on the other machine, that ia,making a ohange of from one
hundred percent load to no load. The amount of ohange of the
motor field that was necessary to effect this change of the load
from one machine to the other,with the load-division transformer
in such a position as to call for equal load currents,was noted.
Then with the transformers short-circuited, so that the machines
were together in the usual manner, the experiment was repeated.
Under these latter conditions,with the same change in the motor
rheostats as "be fore, the machine ohanged from about one liundred
I
fifty percent load to ahout fifty percent motor lead. When
the load-division method v/as in use, the load was not gradually
transferred from one machine to the other, hut each held its full
share of the load up to the time of the change. The load then
all fell at onee on the machine with the greater driving torque.
Thus for any "Cisual difference in driving torque, the method will
force the machines to each retain its share of the load. If
a sudden load, falls on the system, it will not all fall on the
machine with the closer regulated engine, but will fall equally
! on all the machines that are operating. It is not meant that
the load-division method forces the engines to give out more
power than is put into it; that is manifestly an impossibility,
the transformer transfers the surplus of driving torque from the
machine with too much to that with too little, just as in the limit
the machine, with the small amount of driving torque, will become
a motor receiving all its power thru the transformer.
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So far explained, it has been assumed that sufficient
synchronizing current v/ould flovsr to hold the machines in phase.
There is however a difficulty, one that as yet has not been men-
tioned. This is,tiiat the load-balancing transformers .however
ij arranged, if they are of sufficient size to have the desired ef-
fect, offer such a large impedance to tl^ie circulating current
that the slightest inequality of driving torq^ue causes the
machines to fall a large amount out of phase in order to get suf-
i
ficient voltage to force the necessary synchronizing current thru
the transformers. This difficulty was, however, easily met and
j
the solution added much to the method. To make the method op-
erative it is necessary to add to the method as so far explained
a synchronizing coil. This is the coil (3) in figure (1).
This synchronizing coil readily carries the synchronizing current
i
and in itself, by it inductance .acts to hold the machines together,
T7ith it, by experiment , it has been possible to force two machines
together that ^;7ould not stay together when the coil was short-
i
circuited. It also filteres out the circulating current, and
the operator, by a glance at the ammeter placed in series with it,
I
can tell if the machines are operating at the best possible con-
ditions. This, as already explained, as operating is normally,
is almost an impossibility. The synchronizing coil should be
without iron core, and may be used to synchronize the machines
when they are to be placed in parallel.
The method as a whole in the general form is shown in
Self-Synchronizing of Alternators, by Llorgan Brooks and
M.K.Akers. Milwaukee Convention of A.I.E.E., Itoy 1906.
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figure (4), The generators are here shown as single phase, the
method,however , for any numhor of macxiines , for any number of
phases, is a simple extension of the diagram shown. TThere more
than two machines are to he operated together the switching is
simpler if an electric circuit he substituted for the magnetic
one, as shown in the figure.
In the figure (Fig. 4) 1,2, 3, 4, and 5 are the generators,
represented as of different size, to be operated in parallel.
On one side to the line there is only the switches 31,32,33,34,
and 35, The other terminals of the generators connect to the
switches bl,bE,b3 ,b4,and b5. The auto-trans former 51* is shown
connected across tiie terminals of the switch, as explained in the
text. The lead-balancing transformers are shown as D1,D2,D3
and D4. These transformers have all the same number of turns
in the primary. The secondaries are connected in series and
so as to short-circuit each other, the number of turns in each
is proportional to the share of current that its primary is to
carry. 3ince these secondaries are each short-circuited on
the other,when eacxi machine is carrying its share of the load
the inductance for the load currents is negligible. The
switches la, 2a, 3a, and 4a are for the purpose of short-circuiting
the secondaries of the transformers when the machines are to be
operated alone, or in the usual manner, on the system. The
transformers ST* and 1)1 show how the auto-trans former may be
used in combination with the other transformers , and serve to bal-
ance the load between two machines, the pair, in turn,bej.ng bal-
anced with respect to the rest of the system. The coils El,
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E2,E3,E4,and 25 are the synchronizing coils. These are arran-
ged to be left ioermanently on the system and are an absolute nec-
essity to the operation of the method, Thses are shown as oon-
neoted to the separate switches cl,c2, c3 , o4,and c5,and to a sep-
arate bus, the synchronizing bus. Assume now that machines 1,
2, and 3 are running and it is desired to add machine 4 to the
system. The situation is then as follows;- switches 31, 32, and
S3; bl,b2,and bS; cl,c2,and c3; and 3a and' 4a are closed; la and
2a are open. low to put machine 4 on the system. It is
first brought to speed and voltage, switch 32 is then closed, the
synchroscope or phase lamp is olaced between the synchronizing
bus and the machine side of the switch b2. The synchroscope
then shows the phase position odf the machine,when correct syn-
chronizing position occurs switch C3 is closed and the machines
are at once forced into synchronism. As soon as the niachines
are together the switch b4 is closed. The driving torque is
then increased till the machine begins to assume part of the load.
Switch 3a is then opened and the machine at once takes its share
of the load on the, system. The operator then adjusts the driving
torque and the voltage till there is no current thru the synch-
ronizing coil.
The capacity of the load-division transformers v;ill de-
pend upon the degree of closeness of division which is desired.
The current capacity of the primary is the current capacity of
the machine with which the transformer is to be used. The cur-
rent capacity of the secondary is the same for all transformers
in a single system, and is some predetermined value depending
i See foot note page 15, x
t t
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upon conditions. wTien it is desired tliat the switching should
be on low voltage the current V7ill Le chosen large, but if it is
desired to balance the load between stations, a separate system
may be chosen with a voltage that may even reach transmission
voltage, and consequently the voltage -vill be small.
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